Abstract. Structural, elastic and cohesive properties of α-PbO (litharge) obtained from all-electron ab initio calculations are reported. The emphasis is made on the role of the exchange correlation functional in prediction of those properties. Peculiarities of the mesoscopic structure of α-PbO are linked with its cohesive properties.
INTRODUCTION
Polycrystalline lead monoxide (PbO) has recently emerged as a favorable photoconducting material for direct conversion x-ray detectors [1, 2, 3] . Lead oxide also has a long history as a photoconductor for television camera pick-up tubes (Plumbicon) [4] . The good sensitivity of PbO to x-rays is a result of the high x-ray to charge conversion efficiency and the high absorption coefficient of PbO for this radiation. The first prototype of a large-area detector has been demonstrated by Simon et al. [1] , thereby indicating that there are no technological barriers for covering large-area thin film transistor plates with PbO layers. However, higher dark currents due to the high applied voltage and a nonperfect temporal behavior (image lag and ghosting) currently prohibit the success of PbO direct conversion dynamic detectors [5] .
Lead monoxide is known to occur in two polymorphic forms: a red tetragonal α form (litharge) and a yellow orthorhombic β form (massicot) [6] . Litharge is stable at ambient conditions [7] and, therefore, is technologically preferable [1] . Litharge has a layered crystal structure shown in Fig. 1 , which is a tetragonal distortion of a CsCl-type structure [8] . Within each layer the oxygen atoms are sandwiched between two lead sublayers. In the resulting structure each lead atom is bound to four oxygen atoms forming a square pyramid with a lead atom at the apex, and each oxygen atom is surrounded tetrahedrally by four lead atoms [8] . Since oxygen can accommodate only two valence electrons from lead, the remaining two valence electrons on the metal side form a lone pair. The lone pairs play the key role in the explanation of the distorted (noncentrosymmetric) metal coordination observed in post-transition metal oxides, such as α-PbO [9, 10, 11, 12, 13] . First principle theoretical studies of lead monoxide are often limited to the electronic structure calculations performed at experimental lattice parameters [8] . The calculated lattice parameters of α-PbO reported in the literature [10, 11, 12] have an uncertainty of 10%, which exceeds the standard density-functional theory (DFT) accuracy for covalent solids by almost an order of magnitude. Furthermore, very few attempts have been made to calculate elastic [8] and cohesive properties [12] of α-PbO.
The purpose of our communication is to fill this gap by reporting structural, elastic and cohesive properties of α-PbO based on self-consistent all-electron DFT calculations.
CALCULATION DETAILS
Calculations of the electronic structure were performed in the framework of DFT using a full-potential linearized augmented plane-wave method implemented in WIEN2K package [14] . Two approximations for the exchange-correlation functional were used: the local density approximation (LDA) [15] and the generalized gradient approximation (GGA) [16] .
The volume of a cell was partitioned onto nonoverlapping spheres with a radius of 2.0 and 1.6 Bohr centered at the nucleus of lead and oxygen atoms, respectively. The energy to separate core and valence states was set at −7.6 Ry that implies treatment of lead 5p, 5d, 6s, 6p and oxygen 2s, 2p electrons as valence ones. The product of the atomic sphere radius and plane-wave cutoff in k-space (the so-called RK max parameter) was equal to 8.0. Such a high value is necessary in order to achieve convergence of the cohesive properties. Structural and elastic properties are well converged at the value of RK max = 7.
The Brillouin zone of a primitive unit cell was sampled using 10 × 10 × 8 Monkhorst-Pack mesh [17] . The less dense k-mesh 6 × 6 × 4 also provides an adequate convergence of the calculated properties, however, the scattering of the total energy vs volume is less pronounced with the denser mesh.
The optimization of internal degrees of freedom (atomic positions) was performed for every realization. The optimization is based on minimization of Hellman-Feynman forces [18] and was continued until the forces acting on all atoms drop below 0.2 mRy/Bohr. This tight convergence criterion is essential for the total energy accuracy superior than 10 −5 Ry. 
RESULTS AND DISCUSSION
We begin with the calculation of structural properties of α-PbO by performing a two-dimensional optimization of the total energy with respect to the lattice parameters a and c. The optimal values obtained using LDA and GGA are listed in Table 1 along with the experimental results and results of other ab initio calculations. Apparently, GGA significantly underestimates an interaction between PbO layers resulting in the unrealistically large c/a ratio. On the other hand, LDA's a 0 and c 0 come much close to the experimental values than the corresponding GGA data. LDA slightly overestimates the bonding while maintaining c/a ratio almost at the experimental value.
Since the interactions within PbO layers have a covalent character, a 0 values calculated with LDA and GGA only slightly differ from their experimental counterpart. The same argument also applies to the Pb-O interatomic spacing with the layer. Similar trends can be observed in the results of other calculations performed using a pseudopotential technique (see Table 1 ).
Next, we proceed with calculation of elastic properties, namely the bulk modulus B 0 . We determine the optimal c/a ratio as a function of the unit cell volume as illustrated in the insert to Fig. 2 for GGA. In the range of ±6% deviation from the equilibrium volume, the optimal c/a ratio increases linearly with increasing the volume. We emphasize once again that the full relaxation of atomic positions is essential for every structural realization. By choosing the optimal c/a ratio for every volume, the total energy variation vs volume is determined as shown in Fig. 2 (triangles) . The bulk modulus is extracted by fitting these data to Murnaghan's equation of state.
Obtained results for the bulk modulus are listed in Table 1 . The LDA bulk modulus is consistent with the experimental data as well as with the former theoretical calculations. The GGA largely underestimates the bulk modulus due to its failure to account for the interaction between PbO layers. This interaction is responsible for the relative large pressure derivative of the bulk modulus observed experimentally [20] . Our GGA calculations also suggest the anomalously high pressure derivative of the bulk modulus. Unfortunately, we were not able to resolve the derivative accurately enough in the case of LDA due to the data scattering.
Finally, we report calculation results for cohesive properties of α-PbO. The cohesive energy is defined as a difference between the total energy of α-PbO unit cell and that of the free atoms. The spin polarization was included while undertaking the total energy calculations for the free atoms. Our cohesive energy of α-PbO is about 5 eV/atom (Table 1) , which is in the typical range of 4 − 9 eV/atom for covalent solids [21] . The difference between LDA and GGA results for the cohesive energy is of the order of 1 eV/atom, which is also typical for DFT studies of covalent solids [21] .
In order to determine a contribution of the interlayer bonding to the cohesive energy, we performed the total energy calculation of a structure with doubled separation between PbO layers. As a result, we can conclude that the contribution of the interlayer bonding to the cohesive energy is only about 2%. This result suggests that α-PbO has a very low (001) surface energy that causes litharge to appear in a form of fine-dispersed porous textures that consist of intersecting thin two-dimensional platelets [1, 2, 3] .
CONCLUSIONS
Self-consistent all-electron ab initio calculations of structural, elastic and cohesive properties of α-PbO (litharge) are performed. The structural and elastic properties turn out to be very sensitive to the choice of the exchange correlation functional. We showed that GGA fails to account accurately for the interaction between adjacent PbO layers. In contrast to GGA, the LDA calculation results have much better agreement with the experimentally measured properties and, therefore, should be a preferable choice when undertaking ab initio calculations of α-PbO. Also we attribute the fine-dispersed porous structure of α-PbO with a low (001) surface energy resulting from the weak bonding between adjacent PbO layers.
